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Reduced perceptual span is one factor which limits reading speed in patients with macular disease. This study measured the per-
ceptual span and the number of saccades to locate a target in 18 patients with macular disease and seven control subjects on two
occasions separated by up to 12 months. Perceptual span changed by up to two letters. Changes in perceptual span were signiﬁcantly
related to changes in reading speed (r2 = 0.43, p < 0.005), and were independent of changes in the number of saccades used to
observe a target (r2 = 0.003, p = 0.62). These ﬁndings have important implications for the development of training programmes
for patients with macular disease.
 2005 Elsevier Ltd. All rights reserved.
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Patients with central vision loss due to macular dis-
ease (MD) read far more slowly than their normally
sighted peers, even after compensating for their acuity
loss (Legge, Rubin, Pelli, & Schleske, 1985; Legge, Ross,
Isenberg, & LaMay, 1992; Rubin & Turano, 1994; Fine
& Rubin, 1999). The reasons for this reading deﬁcit are
multifactorial and include the need to use eccentric view-
ing (Timberlake et al., 1986); the reduction in ﬁxation
stability (Culham, Fitzke, Timberlake, & Marshall,
1993; Crossland, Culham, & Rubin, 2004); and the
impairment of eye movement control (Cummings, Whit-
taker, Watson, & Budd, 1985; White & Bedell, 1990;
McMahon, Hansen, & Viana, 1991; Whittaker, Cum-
mings, & Swieson, 1991) associated with the presence
of a central scotoma.0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.05.015
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E-mail address: m.crossland@ucl.ac.uk (M.D. Crossland).A further reason for the reduction in reading speed
experienced by patients with macular disease is thought
to be a reduction in the width of the perceptual span.
The perceptual span is the width of the ‘‘window’’ of
characters which are attended at each ﬁxation when
reading text (McConkie & Rayner, 1975; Rayner,
1975; Rayner, Inhoﬀ, Morrison, Slowiaczek, & Bertera,
1981; Bullimore & Bailey, 1995). Although not all of
the characters within the perceptual span can necessar-
ily be identiﬁed, the planning of the next eye movement
is based on elements within this span, including word
length and word spacing. The perceptual span is asym-
metric and language dependent; in English it extends
from 4 characters to the left of ﬁxation to 15 characters
to the right (Rayner & Pollatsek, 1989; Deutsch &
Rayner, 1999). The perceptual span diﬀers from the
stricter ‘‘visual span’’ described by ORegan and Legge,
which refers to the number of characters which can be
identiﬁed at each ﬁxation (ORegan, 1990; Legge, Ahn,
Klitz, & Luebker, 1997). The width of the visual span
is around 10 characters in people with normal vision
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1997).
It appears that patients with macular disease suﬀer an
impairment of both the perceptual span and the visual
span. An indirect measure of the size of the perceptual
span can be obtained by measuring the length (in num-
ber of characters) of each forward saccade made when
reading (Bullimore & Bailey, 1995). Using this method
Bullimore and Bailey found that the length of each sac-
cade (and therefore, the perceptual span) was reduced
from 7.5 letters in control subjects to between one and
four letters in patients with age-related maculopathy
(Bullimore & Bailey, 1995).
Evidence for the shrinking visual span in macular dis-
ease comes from the work of Rubin and Turano, who
found that when reading words presented using rapid
serial visual presentation of words (whereby one word
is presented at a time), patients with macular disease
made more saccades per word than patients with normal
vision (Rubin & Turano, 1994). Using a similar ap-
proach, Legge and colleagues conﬁrmed that patients
with low vision from a variety of causes exhibit saccadic
behaviour consistent with a shrinking of the visual span
(Legge et al., 1997). It has been shown that the visual
span is smaller in the peripheral retina than in the fovea
of healthy observers (Legge, Mansﬁeld, & Chung, 2001)
which may explain the mechanism behind the reduced
visual span of subjects with MD who use a peripheral
retinal area for ﬁxation.
Perceptual learning has been shown to increase the
width of the visual span in the peripheral visual ﬁeld of
normal observers (Chung, Legge, & Cheung, 2004). This
recent research indicates that the visual span at a certain
part of the visual ﬁeld is not determined solely by retinal
factors, but that practice or training can improve the
width of the visual span. It is not known whether practice
or other factors can increase the visual or perceptual
span in patients with macular disease; a longitudinal
study design is required to determine such changes.
The present study uses a similar approach to that of
Bullimore and Bailey (1995) to determine the size of
the perceptual span in a cohort of patients shortly after
the development of macular disease in the second aﬀect-
ed eye. The width of the perceptual span was measured
again 3–12 months later. Eye movements were also
recorded for a non-reading task to diﬀerentiate improve-
ments in eye movement control from increases in the size
of the perceptual span.2. Method
2.1. Participants and ethical approval
Patients with bilateral macular disease were recruited
from the medical retina, low vision and accident & emer-gency clinics at Moorﬁelds Eye Hospital in London. All
patients had experienced subjective vision loss in their
second aﬀected eye in the two weeks immediately pre-
ceding recruitment and had a central scotoma demon-
strable using a scanning laser ophthalmoscope (SLO;
SLO-101, Rodenstock, Germany) running a microperi-
metry module (Scotometry v.3.1b). Patients had a
recorded diagnosis of age-related macular disease, Star-
gardt disease or Best disease. Control subjects were
recruited from laboratory staﬀ and their family. Control
subjects had corrected visual acuity of 6/9 or better in
both eyes, no history of eye disease and no abnormality
on direct ophthalmoscopy. No participants had diag-
nosed neurological or psychiatric disease or any ocular
comorbidity. All subjects were at least 16 years old
and spoke English as a ﬁrst language.
The study conformed to the tenets of theDeclarationof
Helsinki and patients gave their informed consent before
taking part. The ethics committee ofMoorﬁelds EyeHos-
pital gave their approval for the study to take place.
2.2. Attendances
Patients attended for baseline assessment within two
weeks of recruitment (that is, within 4 weeks of vision
loss) and reattended 1 month, 3 months, 6 months and
12 months later.
The study eye was deﬁned as being the eye with the
new vision loss. In all cases this eye had better visual acu-
ity than the contralateral eye. The study eye had a central
scotoma observable by scanning laser ophthalmoscopy
in all cases. All investigation was performed on the study
eye only, with the contralateral eye occluded.
At each visit, patients were refracted by a qualiﬁed
optometrist (MDC) and the best corrected visual acuity
was recorded using an ETDRS log MAR chart (Light-
house Low Vision Products, Long Island City, NY).
The size of the dense scotoma was measured using the
SLO microperimetry program. A full description of
microperimetry can be found elsewhere (Sunness et al.,
1995; Varano & Scassa, 1998). Brieﬂy, the patient was
asked to ﬁxate a central cross whilst reporting, by means
of a button press, when they saw a point target present-
ed at a retinal location selected by the investigator. The
stimuli used were Goldmann III size targets of intensity
200 cd/m2 and were presented for 200 msec. Identiﬁca-
tion of a retinal landmark enabled a scotoma map to
be superimposed onto a retinal image.
Patients were excluded from follow-up if their visual
acuity dropped byP0.2 log MAR (which is greater than
the test–retest variability of the log MAR chart (Rosser,
Laidlaw, & Murdoch, 2001), or if the scotoma size in-
creased by 0.5 optic disc areas (approximately 12 square
degrees). Only data from the baseline visit and the last
visit before exclusion were used for the analyses present-
ed in this paper.
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Gaze position was recorded using a SMI Eyelink
gazetracker (SensoMotoric Instruments, Germany) run-
ning EyeLink software (v.2.04). The Eyelink gazetracker
is a headband-mounted system which records eye posi-
tion using infra-red cameras and a ‘‘bright pupil’’ tech-
nique. A further camera tracks head motion with
respect to infra-red emitters mounted on the corners of
the monitor. Eye position is measured at 250 Hz and
the manufacturers report a gaze position accuracy of
<0.5. Before each experiment, the eyetracker was cali-
brated and the calibration was validated using the algo-
rithms provided for this purpose. Calibration was
repeated until it was categorised as ‘‘good’’ by the Eye-
link software. Calibration is described as ‘‘good’’ when
minimal nonlinearity exists when ﬁxating diﬀerent target
positions (maximum ratio of gains = 1.5:1 horizontally,
3:1 vertically (personal communication, SR Research,
Osgoode, Canada)). Drift correction was performed in
between each trial.
Subjects sat 50 cm away from a computer monitor
(Trinitron GDM-F500R, Sony, Japan) with a resolution
of 800 · 600 pixels and a refresh frequency of 85 Hz.
The luminance of the white background of the screen
was 125 cd/m2. Patients wore suitable refractive correc-
tion for the screen distance.
The graphical output of the gazetracker (created with
Edfview software) was analysed retrospectively. Sac-
cades were deﬁned as being eye movements with velocity
>30s1 or acceleration >8000s2.
2.4. Reading assessment
Ten sentences were displayed sequentially on the
computer monitor. Sentences were randomly selected
from a database of over 500 sentences and had similar
properties to those used on the MNRead card (Legge,
Ross, Luebker, & LaMay, 1989) in terms of diﬃculty
and word order. All sentences had 55 characters includ-
ing spaces. The sentences had a Flesch-Kincaid Grade
level of 4.6, below the minimum education level of all
participants. These sentences have been used previously
in reading studies (e.g. Fine & Peli, 1998).
Sentences were displayed in Times New Roman font
over two lines, in the centre of the screen. The left hand
side of each line was justiﬁed. Sentences were presented
at three times letter acuity size as the minimum acuity
reserve reported for high ﬂuency reading in macular dis-
ease patients has been reported as 3:1 (Whittaker & Lo-
vie-Kitchin, 1993; Lovie-Kitchin, Bowers, & Woods,
2000; Massof, 2003).11 Although higher reading speeds may have been obtained by
enlarging the text further, further magniﬁcation would have limited the
number of words which could be displayed on the screen.Subjects were asked to read the sentences out loud as
quickly as they could without making errors. The mean
time taken to read a sentence was recorded. If the sen-
tence was read incorrectly then it was excluded from
the analysis, unless the patient corrected the error.
Data from the eyetracker were retrospectively ana-
lysed to determine the number of forward saccades used
to read the sentence and the time taken to read the sen-
tence. Fixation duration (FD) was calculated using the
formula below, where T is the time take to read the sen-
tence, nF is the number of forward saccades and nR is
the number of regressive saccades. An addition of 1 is
made the total number of saccades as a ﬁxation is made
after the ultimate saccade
FD ¼ T
nF þ nRþ 1 . ð1Þ2.5. Saccade to target assessment
A black circle of diameter 3 with an 18 central white
detail was presented in the centre of a white screen for
10 s. After this time, the target disappeared and immedi-
ately appeared 18 to the left or the right of its original
position. After 5 s, the new target disappeared and reap-
peared instantly at the central position. This pattern was
repeated to a total of 20 times. The computer randomly
presented the stimulus in either the left or right screen
position but in each case the next presentation was cen-
tral. Data were only analysed for unpredictable target
movements; that is, when the target was moving away
from the central position. For each movement of the tar-
get away from the centre, the number of saccades used
prior to target ﬁxation was retrospectively analysed
using the graphical output of the gazetracker. Fixation
was determined as being an episode of eye position data
without saccades of at least 2 s.3. Results
3.1. Participants
Data were collected for fourteen patients with AMD,
three with Stargardt disease and one with Best disease.
Six patients were removed from the study earlier than
planned; one after three months and ﬁve after six months.
Patient data and the time of the second visit can be seen in
Table 1. Seven control subjects were recruited in two
groups; four subjects were similar in age to the older pa-
tients and three were age-similar to the younger patients.
3.2. Eye movements when reading
For patients, the mean number of forward saccades
used to read a sentence was 15.8 at baseline and 17.7
Table 1
Patient data and follow-up point for all patients and control subjects
Group Initials/sex Age at
recruitment
(years)
Diagnosis Visual acuity
(log MAR)
Scotoma size
(disc diameters)
Final PRL location
(in visual ﬁeld space,
with respect to scotoma)
Follow-up point
(months)
Patient group FG/F 90 Exudative AMD 0.56 1 Below 12
RS/F 60 Geographic atrophy 0.50 4 Right 6
MA/F 81 Exudative AMD 0.92 1 Below 12
AS/F 75 Geographic atrophy 0.72 1.5 Left 12
PF/M 78 Exudative AMD 0.60 1 Left 12
JW/F 75 Geographic atrophy 0.86 5 Below 12
JY/F 71 Exudative AMD 0.80 1 Left 6
JF/F 87 Exudative AMD 0.54 0.5 Below 6
CA/M 78 Exudative AMD 0.6 1 Left 12
BN/F 56 Geographic atrophy 0.70 0.5 Left 6
IP/F 75 Exudative AMD 0.84 1 Left 3
RH/M 84 Exudative AMD 0.58 1 Right 12
HP/M 84 Exudative AMD 0.76 3 Right 6
RG/M 76 Exudative AMD 0.66 2 Left 12
CT/F 17 Best disease 0.74 0.5 Left 12
JA/F 35 Stargardt disease 0.34 2 Below 12
JE/M 17 Stargardt disease 0.70 1 Below 12
MF/F 33 Stargardt disease 1.00 3 Below 12
Control group AR/F 72 0.00 12
BR/M 71 0.02 12
JC/F 80 0.04 12
JH/F 72 0.14 12
PB/M 36 0.16 12
AG/F 33 0.06 12
GH/M 24 0.16 12
AMD, age-related macular disease; log MAR, logarithm of the minimum angle of resolution; PRL, preferred retinal locus.
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respond to a mean perceptual span of 3.5 letters at base-
line and 3.1 letters at exit. This diﬀerence does not reach
statistical signiﬁcance (paired t test, p = 0.05). Control
subjects used a mean of 7.9 saccades at both baseline
and exit (SD: baseline: 1.0, exit 1.2), with mean percep-
tual span of seven letters. The diﬀerence in perceptual
span between patients and control subjects is signiﬁcant
(Students t test, p < 0.0001 at baseline and exit). These
data can be seen in Table 2.
3.3. Eye movements to a target
The mean number of eye movements made to a newly
presented target was 2.0 at baseline and 2.2 at exit for
patients (SD: baseline: 0.59, exit: 0.45), and 1.7 at base-
line and exit for control subjects (SD: baseline: 0.28,
exit: 0.24). This diﬀerence is not statistically signiﬁcant
at baseline or at exit (p > 0.1). Table 2 shows these data.Table 2
Eye movement and reading speed data for patients and control subjects
Mean (SD) N saccades to read
sentence
Mean (S
observe
Patients Controls Patients
Baseline 15.8 (6.0) 7.9 (1.0) 2.0 (0.59
Exit 17.7 (4.6) 7.9 (1.2) 2.2 (0.45
SD, standard deviation; wpm, words per minute.In patients, there is a linear relationship between the
number of eye movements made to ﬁnd a target and the
number of saccades used to read a sentence at baseline
(r2 = 0.41, p < 0.01) but not at exit (r2 = 0.08, p > 0.3).
There is no relationship between change in the number
of saccades used to observe a target and change in the
number of saccades used to read a sentence (r2 = 0.03,
p = 0.62).
No relationship was identiﬁed between the number of
saccades to read a sentence and the number of saccades
to ﬁnd a target in control subjects (baseline r2 = 0.06,
exit r2 = 0.03).
3.4. Reading speed
At least 60% of the sentences presented at each visit
were read correctly by all participants. As Table 2
shows, patients read signiﬁcantly more slowly than con-
trol subjects (p < 0.0001 at exit and baseline).D) N saccades to
target
Mean (SD) reading speed
(wpm)
Controls Patients Controls
) 1.7 (0.28) 86.4 (33) 199 (16)
) 1.7 (0.24) 83.3 (32) 193 (22)
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tween the number of forward saccades used to read a sen-
tence and reading speed at baseline (r2 = 0.53, p < 0.001)
and at exit (r2 = 0.70, p < 0.0001) (Fig. 1A). There is a lin-
ear relationship between perceptual span and reading
speed at baseline (r2 = 0.50, p = 0.001) and at exit
(r2 = 0.65, p = 0.0001) (Fig. 1B). The number of saccades
used to ﬁnd a target is signiﬁcantly related to reading
speed at baseline (r2 = 0.45, p < 0.005), although this rela-
tionship is not sustained at exit (r2 = 0.19, p > 0.05).
For control subjects, the relationship between num-
ber of forward saccades and reading speed does not ap-Fig. 1. (A) Relationship between the number of forward saccades
made to read a sentence and reading speed. Solid circles/solid line:
patients at baseline. Open triangles/broken line: patients at exit. Open
circle: control subjects. Error bars are 1 standard deviation. (B)
Relationship between the perceptual span and reading speed. Solid
circles/solid line: patients at baseline. Open triangles/broken line:
patients at exit. Open circle: control subjects. Error bars are 1 standard
deviation.
Fig. 2. Change in perceptual span and change in reading speed for
patients. Solid line shows linear regression. Broken line shows 95%
conﬁdence intervals for regression model.pear to follow the same pattern as patients at either
baseline or exit (Fig. 1).
Between the two visits, patients reading speed chan-
ged by up to 100%. In six patients, reading speed im-
proved by at least 10%, whilst six patients reading
speed deteriorated by the same magnitude.
Change in perceptual span was strongly related to
reading speed change (linear regression: r2 = 0.43,
p < 0.005; Fig. 2).2 Change in the number of saccades
used to ﬁnd a target was not related to reading speed
change (r2 = 0.013, p = 0.65; Fig. 3).4. Discussion
This study has conﬁrmed that the perceptual span is
signiﬁcantly related to reading speed in patients with
macular disease. It has also shown that the width of
the perceptual span changes by up to two letters over
time in patients with macular disease, and that these
changes in perceptual span are signiﬁcantly related to
changes in reading speed.
As Figs. 2 and 3 show, approximately equal numbers
of patients experienced an increase and a decrease in
reading performance. Although the size of the dense sco-
toma measured by microperimetry was relatively con-
stant between the two visits, subtle disease progression2 An anonymous reviewer asked us to repeat this analysis excluding
the patient whose reading speed increased by 99%. This does not aﬀect
our model (linear regression without this subject: r2 = 0.38, p < 0.005).
Fig. 3. Change in number of saccades to observe a target and change
in reading speed for patients. Solid line shows linear regression.
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an increase in relative scotoma size could reduce the per-
ceptual span, and consequently the reading speed.
All of the patients described in this paper used a
peripheral retinal locus for ﬁxation, as determined by
scanning laser ophthalmoscopy. This suggests that the
mechanism for the reduced perceptual span is likely to
be due to the decreased resolution and contrast sensitiv-
ity of peripheral retina as well as increased crowding and
the physical visual ﬁeld restriction caused by the lesion.
The perceptual span reported for control subjects in
this study is smaller than that classically described by
Rayner, yet comparable to the 7.5 letters found by
Bullimore & Bailey (1995). Indeed, the span width of
seven letters found for normal observers by our group
and Bullimore is closer to the width of the visual span
described by Legge (mean 5.3 characters at 100% con-
trast). There are methodological diﬀerences which can
account for these diﬀerences: Rayners assessment of
perceptual span in healthy observers has used continu-
ous text of at least 35 words (Rayner, 1975), whereas
only 10 or 11 words were presented for the reading
assessment in the present study. It is possible that the
perceptual span may be larger for continuous text than
for the single sentences we have used. Further, the line
length in our experiment was shorter than would be
experienced when reading ‘‘normal’’ text in a book. De-
spite our methodology being designed to measure per-
ceptual span, a signiﬁcant reduction in the visual span
(even without a perceptual span reduction) would in-
crease the number of saccades needed to read a sentence.
It is impossible to consider perceptual span and visual
span in isolation in this patient group.
The indirect method of measuring the perceptual
span used in this study may be confounded by the num-ber of saccades needed to bring the object of interest
onto a healthy area of retina: the mechanism for a fall
in the number of saccades made to read the sentence
may be related to the number of saccades needed to
use a PRL. For this reason, we also measured the num-
ber of saccades used to ﬁnd a point target. The number
of saccades needed for this task was not related to read-
ing speed change, indicating that patients are experienc-
ing a change in the perceptual span rather than simply
an improvement in saccade control. The indirect method
may also create a potential cause and eﬀect problem; the
increased number of saccades may be a consequence of
slower reading rather than a direct cause of diﬃculty in
reading. An alternative hypothesis is that reading speed
is a function of ﬁxation duration and that changes in the
number of saccades are simply artefactual. However,
our data show that ﬁxation duration is not signiﬁcantly
longer in patients than in control subjects (Fig. 4A), and
that changes in ﬁxation duration are not related to
changes in reading speed (Fig. 4B).
Another hypothesis which could explain our results is
that the larger number of forward saccades made by
slower readers may not be related to a reduced perceptu-
al span, but may be correcting a large number of regres-
sive saccades. However this does not appear to be the
case, as the perceptual span is not related to the number
of regressive saccades (r2 = 0.02, p = 0.88).
One factor which may aﬀect visual span width in pa-
tients with central scotomas is the location of the pre-
ferred retinal locus (PRL); a patient with a PRL
placed between disc and macula will have a smaller area
of retina to view with, and a smaller visual span, than a
patient who places their PRL on retina to the temporal
side of the scotoma. Further, patients who shift their ﬁx-
ation vertically may have a wider region of retina closer
to the previous foveal centre than a patient using a PRL
on temporal retina. We have previously presented data
on PRL location for a cohort of patients including all
of the subjects described in the present study (Crossland,
Culham, Kabanarou, & Rubin, 2005). No systematic
diﬀerence in perceptual span was found between patients
who use temporal or nasal retina (Students t test,
p = 0.74), nor between those who select a vertical PRL
compared to a horizontal PRL (p = 0.52). This corrobo-
rates the ﬁndings of other researchers who have not
found a relationship between reading speed and PRL
location (Fletcher et al., 1999). Surprisingly, our data
do not show a strong relationship between scotoma size
and perceptual span at baseline (r = 0.30, p = 0.20) or
at exit (r = 0.064, p = 0.80).
Although our results indicate that perceptual span
change is one cause of reading speed change in patients
with macular disease, this phenomenon cannot be con-
sidered in isolation. It is known that other aspects of
visual behaviour such as ﬁxation stability (Crossland
et al., 2004), crowding in peripheral vision (Loomis,
Fig. 4. (A) Mean ﬁxation duration and reading speed. Open circle:
patients at baseline. Solid square: patients at exit. Solid triangle:
control subjects. Error bars are 1 standard deviation. wpm: words per
minute. (B) Change in ﬁxation duration and reading speed. Line shows
linear regression.
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development of the preferred retinal locus (Crossland
et al., 2005) are also important in determining reading
speed change.
What is particularly exciting about the knowledge
that perceptual span change inﬂuences reading speed
change in this patient group is that it is known that visu-
al span can be enhanced in the peripheral vision of
healthy observers (Chung et al., 2004). The results of
the present study, combined with the work of Chung
and colleagues, indicate that the development of training
programmes speciﬁcally designed to enlarge the visual
span in patients with macular disease should be a reha-
bilitation priority. Such a programme would representan exciting development in the rehabilitation of patients
with this common, debilitating disease.Acknowledgments
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